Recently we showed that light focusing and transport properties of chains of dielectric spheres with D>>10λ, where D is the diameter of the sphere and λ is the wavelength, are dominated by periodically focused modes (PFMs) which have extremely small propagation losses [12] . In this work we show that along with a special case of PFMs in chains of spheres with index n = 3 which propagates in such structures without losses, similar periodic modes exist in a broad range of indices from 1.4 to 2.0. For each n such generalized PFMs have various radial extents in the regions between the neighbouring focused beams. We show that for 10-sphere long chains with 1.68 < n < 1.80 such modes have total propagation losses smaller than 1 dB. Using numerical ray tracing, we demonstrate that such chains filter radially polarized beams. Using collimated incident beams, a polarization degree in excess of 0.9 is demonstrated for 10-sphere long chains for 1.68 < n < 1.80 range. These properties make chains of microspheres instrumental for developing novel focusing and polarization components.
INTRODUCTION
Chains of microspheres emerged as a paradigm in microphotonics due to unusual combination of periodic light focusing with progressively smaller beam sizes and small optical propagation losses [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These properties have been observed in mesoscale (wavelength-scale) spheres [5] [6] [7] [8] [9] and in sufficiently large spheres with D>>10λ, where D is the diameter of the sphere and λ is the wavelength, where the approximations of geometrical optics can be applied [11, 12] . Recently we showed that in the limit of geometrical optics these properties are explained by filtering periodically focused modes (PFMs) which have a period equal to the size of two spheres, as schematically illustrated in Fig. 1 . These modes have a radial polarization and propagate through the chain without attenuation under Brewster angle conditions [12] if the following criteria are met: n = 3 , i = /3, and r/D = 3 /4, where n is the refractive index of the sphere, i is the angle of incidence, D is the diameter of the sphere, and r is the axial offset of a given ray. [12] .
In the limit of physical optics, the cylindrical symmetry of these modes suggests that they belong to Laguerre-Gassian beams [13, 14] . However, unusual and interesting PFM properties are connected with their sharp focusing with 2D period and with their radial state of polarization (SOP). It is well known that, generally, the radially polarized beams can be focused to smaller dimensions compared to diffraction limited spot sizes [14] [15] [16] . This means that the radial SOP of PFMs should favor the sharper focusing of light in such structures. It should be noted, however, that the functioning of these structures as polarization filters, to the best of our knowledge, has not been studied previously.
This work is aimed at understanding the SOP evolution as the beam propagates through the chain within the framework of geometrical optics. First, we show that along with a special case of lossless PFMs at n = 3 introduced in our previous work [12] chains with 1.68 < n < 1.80 such modes have propagation losses smaller than 1 dB. Second, we study SOP of the output beams for collimated incident beams. We show that due to coupling to low loss PFMs such structures can be used as filters of radial polarization. High polarization degrees are demonstrated using 10-sphere chains with 1.71 < n < 1.78.
THEORETICAL MODELING

Periodically focused modes for a broad range of indices
We consider a collimated incident beam which can be obtained directly from a laser source or from single mode fibers. In geometrical optics such incident beams can be modelled as a collection of meridional rays parallel to the axis of the chain with a broad range of random axial offsets (r), as illustrated in Fig. 1 .
Modes with 2D periodicity tend to have smaller propagation losses in such structures due to the fact that their external ( i ) and internal ( r ) angles of incidence are periodically reproduced. So, if these angles are close to the Brewster angle the losses can be minimized for TM polarized incident rays. The exact conditions for Brewster angle incidence can be satisfied at n = 3 , i = /3, and r/D = 3 /4 [12] . It is interesting, however, to consider different spheres' indices and to study if some periodic modes are possible under these conditions.
The rays are periodically reproduced (with a period of 2D) when the refracted ray passes through the point where the spheres touch leading to the following equation:
or, equivalently, for axial offset of the ray, r:
where n b is the refractive index of the background medium. We consider n b = 1 in this work.
The results of calculations of the index dependences of the angle of incidence Propagation losses for the incident rays shown in Fig. 1 can be estimated by taking into account Fresnel reflection coefficients [17] at each spherical interface from the following equations for TE and TM polarizations:
where i is obtained from equation (1). We studied the attenuation properties of chains of spheres by adjusting the angle of incidence and radial extent of the rays in agreement with dependences in Fig. 2 for a broad range of n. Thus, for each index we considered rays forming configurations with 2D period inside the chain. For nonabsorbing spheres the transmission losses are determined by the reflection coefficients given by the equations (3) and (4). The transmittance and corresponding reflection losses for rays with TE and TM polarizations as a function of n for chains of N = 1, 5, 10 and 20 spheres are presented in Figs. 3 (a) and (b) , respectively. It is seen that the total transmission (zero loss) occurs at n = 3 for TM polarization which satisfies the Brewster angle conditions [12] . It is interesting, however, that the high transmission properties are preserved in a broad range of indices around n = 3 for TM polarization. It is seen that for 10-sphere long chains with 1.68 < n < 1.80 TM polarized PFMs have total propagation losses smaller than 1 dB. For TE polarization the PFM losses exceed 20 dB in the same range of indices, as illustrated in Fig. 3 (b) . This means that for a randomly polarized incidence rays, the output has mainly rays with TM polarization. However, since these rays are located around the circle with radius r represented by equation (2), the global SOP of the output beam tends to be radial. 
Polarizing ability of the chains of spheres
The facts that TM polarized PFMs have extremely small losses whereas TE polarized PFMs have extremely large losses means that the chain of spheres can be used as a filter of radially polarized modes. In order to test the polarizing ability of such chains we used a practical source of light consisting of rays with random polarizations and values of parameter r/D (for r < D). Such rays are characterized with a broad range of angles of incidence, i . Only the TM polarized rays with parameters close to that presented in Fig. 2 should effectively contribute to the total transmission through sufficiently long chains. This modeling was performed using ZEMAX-EE (Radiant Zemax, Bellevue, WA) for chains of N = 4, 6, and 10 spheres illuminated by such a collection of collimated rays. The degree of polarization is generally defined as the ratio of the (averaged) intensity of the polarized portion of the beam to its total (averaged) intensity, both taken at the same point [18] . For cylindrical vector beams the polarization eigenvalues are represented by radially and azimuthally polarized beams. In order to estimate the degree of polarization, we used a linear polarizer with transmission along y-axis installed in the proximity of the end sphere and two rectangular detectors with D/10×D/100 dimensions placed after the polarizer, as schematically drawn in Fig. 4 (a) . We used a simplified method of estimation of degree of polarization based on the ratio of the total power in the detector (1) over the summation total power measured on both detectors (1) and (2) . We checked a good convergence of the results with reduction of the width of the detectors. The results of modeling for spheres with n = 1.68 -1.80 are presented in Fig. 4 (b) . For this range of indices the output beams of chains formed by the even number of spheres consist of: a) a ring with radius r determined by the equation (2), b) a compact central beam formed by the paraxial rays, which is not spanned by our Tu.P.27 4 detectors, and c) a weak background illumination. The dominant contribution to the output intensity is given by the ring shape with the radius given by equation (2) . Thus, the location of our detectors provided polarization degree measurement mainly for this ring. As seen in Fig. 4 (b) the polarization degree increases with the length of the chain reaching very high values in excess of 0.9 for a 10-sphere chains with any indices of refraction within n = 1.68 -1.80 range.
CONCLUSIONS
Using geometrical optics approximation, we show that PFMs with 2D period exist in chains of spheres with a broad range of indices. We show that these modes have extremely small propagation losses for TM polarization and extremely high losses for TE polarization that allows developing efficient filters of radial polarization. Our approach is applicable to sufficiently large spheres with D >> 10λ. Using a collection of collimated rays with random polarization as a model for the collimated incident beams, we demonstrate high radial polarization degrees (> 0.9) of the components formed by the 10-sphere long chains. These properties make chains of microspheres instrumental for developing novel focusing elements with the polarization filtering capability.
